Obese children exhibit altered gait mechanics compared to healthy-weight children and have an increased prevalence of hip pain and pathology. This study sought to determine the relationships between body mass and compressive and shear hip joint contact forces during walking. Kinematic and kinetic data were collected during treadmill walking at 1 m•s −1 in 10 obese and 10 healthyweight 8-12 year-olds. We estimated body composition, segment masses, lower-extremity alignment, and femoral neck angle via radiographic images, created personalized musculoskeletal models in OpenSim, and computed muscle forces and hip joint contact forces. Hip extension at mid-stance was 9° less, on average, in the obese children (p<0.001). Hip abduction, knee flexion, and body-weight normalized peak hip moments were similar between groups. Normalized to body-weight, peak contact forces were similar at the first peak and slightly lower at the second peak between the obese and healthy-weight participants. Total body mass explained a greater proportion of contact force variance compared to lean body mass in the compressive (r 2 =0.89) and vertical shear (perpendicular to the physis acting superior-to-inferior) (r 2 =0.84) directions; lean body mass explained a greater proportion in the posterior shear direction (r 2 =0.54). Stance-average contact forces in the compressive and vertical shear directions increased by 41 N and 48 N, respectively, for every kilogram of body mass. Age explained less than 27% of the hip loading variance. No effect of sex was found. The proportionality between hip loads and body-weight may be implicated in an obese child's increased risk of hip pain and pathology.
INTRODUCTION
Obese children are at an increased risk of developing orthopedic disorders of the lowerextremity. At the hip, pediatric obesity is positively associated with joint pain, a reduction in femoral neck anteversion angle, and slipped capitol femoral epiphysis, the most common hip disorder affecting children (Stovitz et al., 2008; Wearing et al., 2006; Wills, 2004) . The increased prevalence of lower-extremity pain and pathology associated with pediatric obesity may lead to reduced physical activity and a cycle of weight gain into adulthood (Smith et al., 2014; Taylor et al., 2006) . The manner and frequency by which mechanical loads are applied to the skeleton during adolescent growth affect bone development and growth plate mechanics (Hind and Burrows, 2007; Jones et al., 2003; Villemure and Stokes, 2009) . Obese children exhibit altered hip mechanics during gait compared to healthy-weight children. In a prior study, we found that body fat percentage was positively associated with hip abductor muscle forces during walking in children (Lerner et al., 2014b) , while (Shultz et al., 2009) found that obese children walk with larger frontal, sagittal, and transverse plane hip moments relative to their healthy-weight peers. Researchers have theorized that elevated hip joint loading in obese children during repetitive daily physical activity (e.g. walking) contributes to their increased risk of developing pain and pathology of the hip joint (Wearing et al., 2006; Wills, 2004) . However, no studies have quantified hip joint contact forces during walking in this population.
Knowledge of how pediatric obesity affects the magnitude, direction (i.e. shear vs. compression), and loading rates of hip joint contact forces during walking may lead to safer physical activity guidelines and improved surgical treatment. Researchers have found that indices of axial and bending strength of the proximal femur are more closely related to lean body mass, not total body mass in children (Petit et al., 2005) . Therefore, we must understand how hip joint contact forces scale with both total and lean body masses to allow therapists to properly assess the risk-benefit of walking on the musculoskeletal systems of obese children.
The goal of this study was to determine the relationships between compressive and shear hip joint contact forces and both total body mass and lean body mass. We hypothesized that total body mass would have a strong positive correlation with compressive and shear hip joint contact forces and explain more of the hip loading variance compared to lean body mass. To accomplish this goal, we used personalized musculoskeletal models and experimentally collected biomechanics data to predict hip joint contact forces during walking in both obese and healthy-weight children.
METHODS

Study Participants
We recruited 10 obese (6 male) children with a body mass index (BMI) z-score greater than the 95 th percentile and 10 healthy-weight (5 male) children with a BMI z-score between the 5 th and 85 th percentiles for our study (Table 1) . Colorado State University's Human Research Institutional Review board granted approval for this study. Informed written assent and consent was obtained from the participants and their parents, respectively. Participants were excluded if they had any disorder that would preclude safe participation. We quantified body composition for each participant using dual x-ray absorptiometry (DXA) (Whole-Body Scan, Hologic Discover, Bedford, MA). We used a custom foot placement jig to standardize the orientation of each participant's lower-extremity in the frontal-plane. Femoral neck diameter at the physis was measured using the Hologic software.
Experimental Walking Protocol
We used reflective markers and a custom calibration procedure to capture lower-extremity, pelvis and trunk kinematics that sought to attenuate the impact of subcutaneous adiposity obscuring the motion of the skeleton. Reflective markers were placed over the 7 th cervical vertebrae, acromion processes, right scapular inferior angle, sterno-clavicular notch, xyphoid process, 10 th thoracic vertebrae, posterior-superior iliac spines, medial and lateral epicondyles of the femurs, medial and lateral malleoli, calcanei, first metatarsal heads, second metatarsal heads, and proximal and distal heads of the 5 th metatarsals. We used a digitizing pointer (C-Motion, Germantown, MD) to probe through overlying soft-tissue and mark the anterior superior iliac spines (ASIS) and iliac crests on their bony locations. Marker clusters (four non-collinear markers affixed to a rigid plate) were adhered to the thighs, shanks, and sacrum. To account for adiposity surrounding the pelvis, post-processing (Visual 3D, C-Motion, Germantown, MA) was used to define the digital ASIS and iliac crest landmarks relative to the sacral cluster and generate virtual markers for subsequent segment tracking. For a more detailed description of this procedure see (Lerner et al., 2014a) .
Each participant walked on an instrumented treadmill (Bertec Corp, Columbus, OH) at 1 m•s −1 while we collected the kinematic and kinetic data. Allowing for a 5 minute acclimation period, the experimental data collected during the 6 th minute of each walking trial was used in the computational analysis for this study. Marker trajectories, collected using a three-dimensional motion capture system (10 cameras, Nexus, Vicon, Centennial, CO), were recorded at 100Hz and low-pass filtered at 5 Hz using a fourth order zero-lag Butterworth filter (Winter et al., 1974) . Ground reaction forces, collected from the instrumented treadmill, were recorded at 1000 Hz and low-pass filtered at 12 Hz using a fourth order zero-lag Butterworth filter.
Personalized Model Building
Reflective markers located at anatomical and digitized landmarks of each segment were used to scale a full-body musculoskeletal gait model in OpenSim to the size of each participant. Muscle moment arms, muscle attachments, and muscle length properties (muscle-tendon, tendon slack, and optimal fiber lengths) were scaled based on segment lengths. The 18 segment, 21 degree of freedom model with 92 muscle-tendon actuators (Anderson and Pandy, 1999; Delp et al., 1990) has been previously used to quantify muscle function and joint loading in children (Lerner et al., 2014b; Steele et al., 2012) . The model included a knee mechanism that allowed the specification of subject-specific lower-extremity alignment (Lerner et al., 2015b) . The model included a distal femoral component body and a tibial plateau body, which allowed us to specify the frontal-plane alignment of the knee while maintaining the sagittal plane rotation and translations of the tibia and patella relative to the femur. We created personalized models for each participant by refining each scaled model and specifying lower-extremity alignment and segment masses determined from the DXA radiographs. The angle formed between the intersection of the mechanical axes of the femur and tibia was used to specify personalized model alignment (Moreland et al., 1987) , while the whole body DXA image was sectioned at the pelvis, thigh, and shank to obtain individual segment masses. The mass of the head, arms, and torso were included in the combined head-torso segment.
Prediction of Muscle and Joint Contact Forces
We used the method of inverse kinematics to determine joint angles during each walking trial. Inverse dynamics was used to compute joint moments. Next, we conducted a residual reduction algorithm (Delp et al., 2007) to improve the dynamic consistency of each simulated walking trail. Based on suggestions from the residual reduction algorithm, we subsequently refined the torso's mass and center of mass position for each child's model. After running the residual reduction algorithm, we found that the average residuals (<6% body-weight) were not different between groups. This provides confidence that our simulations were not affected by weight status.
Predictions of hip joint contact forces are affected by the optimization approach used to solve the neuromuscular redundancy problem (Modenese et al., 2011; Wesseling et al., 2015) . Wesseling et al. found that static optimization was the most favorable approach for obtaining accurate predictions, and Bosmans et al. used this approach while predicting hip joint contact forces in children with cerebral palsy (Bosmans et al., 2014) . Accordingly, we also used a static optimization method to estimate the individual muscle forces that reproduced the kinematics and kinetics of the measured walking motions; the optimization objective function sought to minimize muscle activation squared. Additionally, we introduced individual muscle weighting constants into the objection function via a custom OpenSim plugin to allow for refinement of muscle force predictions. This approach has been used previously to improve the accuracy of knee load predictions based on in-vivo measurements from instrumented joint implants (Lerner et al., 2015b; Steele et al., 2012) . Hip joint contact forces were calculated using OpenSim's joint reaction analyses. The joint reaction analysis determined the resultant forces acting on the hip joint structure due to the muscle forces and external and inertial loads applied to the model.
Validation of Model and Optimization Scheme
We sought to examine the general accuracy of our hip load predictions, and evaluate the validity of using muscle weighting factors in our optimization scheme. We used our musculoskeletal model to predict the hip joint contact forces for individual with an instrumented hip prosthesis, and subsequently compared our predictions to the in-vivo measurements. For this analysis, we selected the subject (IBL) from a freely-available dataset on the basis of having an average gait speed (1.08 m•s −1 ) closest to that of our study (1.0 m•s −1 ) (Bergmann et al., 2001) (Fig. 1) . The experimental marker trajectories and ground reaction forces from the walking trial of this participant were used in our simulation workflow as described in the previous section. The coordinate systems of the predicted hip joint loads were aligned with the reported in-vivo hip data based on a provided schematic, and we compared our predictions to the measurements from the prosthesis. We evaluated predictions for both weighted and unweighted static optimization.
In a prior study investigating knee joint contact forces in the same cohort as in this study (Lerner et al., 2015a) , we used static optimization with weighting factors of 1.5 for the gastrocnemius, 2 for the hamstrings, and 1 for all other muscles, which were established from in-vivo knee data (Lerner et al., 2015b) . The previously established weighting factors improved the accuracy of the predicted hip forces; the difference between the measured and predicted peak hip contact force magnitude was 2% body-weight for the weighted-static optimization, and 10.5% body-weight for unweighted static optimization. Varying weighting factors between 1 and 3 for the primary muscles crossing the hip did not improve prediction accuracy. Using the previously established weighting factors, the peak axial, anterioposterior, and mediolateral contact force predictions were within 4.3%, 5.3%, and 11.3% body-weight, respectively, of the measured peak values. Therefore, we elected to use the previously established weighting factors in this study because the predictions were more accurate than unweighted static optimization, and to maintain consistency with our prior work.
Data and Statistical Analysis
To compute joint contact forces acting in compression and shear on the femoral epiphysis, we transformed the contact forces from the reference frame of the model's hip joint definition to a reference frame corresponding to the orientation of each child's femoral head and neck (Fig. 2) . We calculated compressive and shear hip joint loading rates as the estimated slope of each loading response by taking the difference between the local maxima and minima of the compressive and shear contact force during weight acceptance (the first 20% of the gait cycle) and dividing by the time elapsed between those extremes.
We averaged our outcome measures across three representative gait cycles for each participant. Student's t-tests were used to test for differences between the obese and healthyweight participants, where p<0.05 defined significance. Linear regression analysis was used to determine the relationships between total and lean body mass and hip loads averaged across the stance phase. Matlab version 2015a (Mathworks Inc., Natick, MA) was used to perform data analysis, while SigmaPlot version 11.0 (Systat Software, Inc., San Jose, CA) was used to perform statistical analysis. and magnitudes in both the sagittal and transverse planes for the obese compared to the healthy-weight children (Fig. 4) . Normalized to each physis cross-sectional area, first peak compressive and vertical shear forces were 1.77 and 1.81 times greater in the obese compared to the healthy-weight participants, respectively; first peak anterioposterior shear forces were 1.48 times greater (Fig. 4) .
Total body mass and lean body mass were both significant predictors of the hip joint contact forces in each direction averaged across the stance phase (Fig 5) . Total body mass had very strong positive correlations with compressive (r=0.94) and vertical shear (r=0.92) forces, and explained a greater proportion of contact force variance in these directions compared to lean body mass. Contact forces in the compressive and vertical shear directions increased by 41 N and 48 N, respectively, for every kilogram of body mass. Lean body mass explained a greater proportion of the anterioposterior shear force variance compared to total body mass, which had a moderate positive correlation (r=0.70) in this direction.
Normalized to body-weight, first peak forces were similar, while second peak forces were smaller, in the obese compared to the healthy-weight children (Table 2) . Body-weight normalized loading rates were lower in compressive and anterioposterior directions, but similar in the vertical shear direction, in the obese compared to the healthy-weight children (Table 2 ). No differences were found between the sexes. We found differences in peak sagittal, but not frontal plane hip joint kinematics between groups (Supplemental Fig. 1 ). Peak hip extension, which occurred during mid to late stance, was 9° less, on average, in the obese compared to healthy-weight participants (p<0.001). Peak bodyweight normalized hip extensor and abductor moments and muscle forces were similar between groups, except peak body-weight normalized hip flexor moments and the psoas and iliacus muscles, which were smaller in the obese children (Table 3) . Absolute psoas and iliacus muscles forces were similar between groups (Supplemental Fig. 2) 
DISCUSSION
In this study, we sought to determine how pediatric obesity affects hip joint loading during walking. We partially confirm our hypothesis that total body mass would have a strong positive correlation with hip joint contact forces and explain a greater proportion of the contact force variance compared to lean body mass. Total body mass had a strong correlation with compressive and vertical shear contact forces, and explained a greater proportion of the variance in these directions compared to lean body mass. However, total body mass had only a moderate correlation with anterioposterior contact force, with lean body mass explaining a greater proportion of the variance in this direction. Our finding of reduced hip extension during mid to late stance in the obese children was similar to that found in obese adults (Lerner et al., 2013) . Similar to (Shultz et al., 2009) and (McMillan et al., 2010) , we found no difference in frontal plane hip joint angles between groups.
The associations between total and lean body mass and joint loading were strongest in the compressive and vertical shear directions, and weakest in the anterioposterior direction. During single support, the full weight of pelvis and upper body must be supported by the stance limb hip joint, which may explain the stronger associations between the forces acting in compression and vertical shear and total body mass. On the other hand, acceleration of the body's center of mass in the anterior and posterior directions is primarily accomplished by the ankle plantar flexors and knee extensors, respectively, which likely explains the lower associations between hip loading in this direction and total and lean body masses. There were no differences in body-weight normalized contact forces during the first peak when hip kinematics were similar between groups compared to during the second peak when the obese children exhibited reduced hip extension and lower body-weight normalized hip flexor moments. The more upright posture during this interval in the obese children likely contribute to the lower body-weight normalized iliacus and psoas muscle forces and the lower body-weight normalized hip joint contact forces.
The results of this study may provide useful information for improving our understanding of the increased prevalence of hip pain and pathology in pediatric obesity. Greater compressive and shear forces at the hip during walking in obese children may be implicated in their increased risk of developing orthopedic conditions of the hip (Wills, 2004) . The directions of the applied shear forces (inferior and posterior) are consistent with the direction of femoral head slippage in the slipped capitol femoral epiphysis condition (inferior-posterior). Femoral neck diameters, measured from the radiographs at the physis, were similar between the obese and healthy-weight children in this study (Table 1 ). This suggests that our findings of greater hip contact forces in the obese children likely represent similarly elevated compressive and shear stresses at the proximal femoral physis. Hip loading during walking in both obese and healthy-weight children may be relatively small compared to other forms of physical activity such as running. Our results provide insight into potentially greater hip joint loads in obese children during more dynamic activities.
Resultant hip loads increased more closely with total body mass than with lean body mass. If femoral bone strength does not scale with total body mass in children, as has been found previously (Petit et al., 2005) , this imbalance (i.e. greater loads relative to underlying skeletal structure) may further explain the increased risk of hip pain and pathology in pediatric obesity. It might be natural to expect that bone strength and joint loading scale together, however, the loading history must be considered when relating biomechanical loading to skeletal adaptation. Reduced physical activity in obese children may be implicated in this imbalance (Trost et al., 2001) . Another potential implication may be the disparity between longitudinal bone growth and microarchitecture that occurs during adolescent growth (Wills, 2004) . Because this was a cross-sectional study, we were not able to evaluate causal relationships between pediatric obesity, joint loading, and hip pain and pathology. Future studies should be conducted to examine these potential relationships.
Since a relatively small sample size was a limitation of this study, we investigated how variability in the main groups affected the correlations. There were no differences in hip loads between the sexes, and only a weak association was found between hip loads and age (r 2 =0.27). Furthermore, the relationship between hip loading and total body mass remained, even when the hip joint contact force magnitudes were normalized by height (r 2 =0.89).
The accuracy of hip contact force predictions may be affected by several parameters. In particular, predictions are likely affected by how well each musculoskeletal model represents the subject, the quality of the experimental data used in the walking simulations, and the optimization techniques used to estimate muscle forces. We attempted to address the specific challenges presented by obesity. An inherent concern regarding the quality of the experimental data used in the simulations was that excess adiposity can cause motion artifact, obscure the motion of the underlying skeleton, and affect predictions of hip and knee joint contact forces (Lerner et al., 2014a) . To address this limitation, we used a kinematic marker set and methodology developed in a prior study that was specifically designed for use in obese individuals (Lerner et al., 2014a) . Scaling a generic musculoskeletal model to the size and anthropometrics of each child participant may result in non-representative segment inertial properties, skeletal alignment, and muscle properties. To address these issues, we used radiographic imaging data to build models for each subject that incorporated subject-specific segment masses and lower-extremity alignment. Several limitations remained. First, femoral neck length and angle, parameters shown to influence predictions of hip loads (Lenaerts et al., 2008) , were not personalized. Additionally, muscle properties were not altered according to age or sex, and personalized moments of inertia were not modeled. Since prior research has indicated that muscle contractile properties and relative strength are not affected by pediatric obesity (Maffiuletti et al., 2008; Maffiuletti et al., 2013) , and hip geometries and lower-extremity length were similar between groups, the remaining modeling limitations (i.e. generic hip geometry and scaling of muscle properties) should affect both obese and healthy-weight children equally. Different objective functions or muscle weighting factors may influence the magnitudes of the muscle forces and therefore the hip joint contact forces and the muscle weighting factors established and/or validated using elderly individuals with instrumented joints may not be applicable to children. However, prior sensitivity analyses suggest that the relative differences between groups remain when the same optimization approach is used in both groups, as was this case in this study (Steele et al., 2012) . In summary, while the magnitudes and directions of the predicted loads should be interpreted with caution, the relative differences in the hip joint contact forces between the obese and healthy-weight children are likely representative.
We found that obese children have elevated hip joint loading compared to healthy-weight children during walking. At the same walking speed, obese children had greater compressive and shear contact forces and loading rates. The directions of the applied loads are consistent with the pathogenesis of the orthopedic conditions at the hip associated with pediatric obesity. This study provides evidence in support of the belief that elevated hip joint loading during walking in obese children may be implicated in their increased risk of hip pain and pathology. These results may help clinicians weigh the risk-benefit ratio of increased physical activity on the musculoskeletal system in obese children. A) Axial (top), medial-lateral (middle), and anterioroposterior (bottom) hip joint contact forces measured in-vivo (solid black line) and predicted from our musculoskeletal model (dashed gray line) using static optimization with the previously published weighting factors (Lerner et al., 2015b) . The peak axial, anterioposterior, and mediolateral contact force predictions from weighted static optimization had 1.4%, 9.7%, and 14.3% percent error, respectively. B) First peak hip joint load vectors in the sagittal (left) and transverse (right) planes measured in-vivo (solid black lines) and predicted from our musculoskeletal model using weighted static optimization (dashed gray lines). Measurement of femoral neck angle (θ) from a representative participant's DXA radiograph (inset) and subsequent transformation of the hip joint contact forces to resolve compressive forces parallel to the femoral neck, and shear forces acting perpendicular to the femoral neck and along the growth-plate. Lerner and Browning Page 17 Table 2 Mean (standard deviation) first and second peak body-weight normalized hip joint contact forces, early stance loading rates. Significant differences (p < 0.05) are bolded. 
